Spaceborne synthetic aperture radars (SARs) represent a powerful tool to perform cryospheric observations due to their high spatial resolution and capability to acquire data during the winter time. Especially at lower frequencies, SAR signals penetrate beneath the glaciers surface through the shallow snow cover, interacting with surface as well as sub-surface features. This makes the scattering scenario very complex and the interpretation of SAR backscattering from glaciers and ice sheets not straightforward. In the case of polarimetric SARs (PolSAR), the understanding of polarization phase differences represent one of the main open issues. In this paper, a physical model is employed to relate co-polarization HH-VV phase difference (co-pol phase) to structural and dielectric properties of snow and firn which characterize the first meters of glaciers subsurface. 
INTRODUCTION
Several studies demonstrated the capability of polarimetric SAR to identify the different glacier facies and to monitor their extent over time. However, most of the investigations were carried out based on the analysis and modelling of polarimetric backscattering coefficients. Only a limited number of studies attempted to interpret coherent polarimetric SAR backscatter including the phase term of the received signal. In this sense, co-polarization phase difference (co-pol phase) represents a primary quantity to analyze in order to extract information about the scattering mechanisms present in the scene. In this paper, the co-pol phase between the HH and VV channels, defined in (1), is investigated. ϕ c = ϕ HH -ϕ VV (1) .
According to the established understanding, significant copol phase values are observed in presence of significant double bounce (dihedral) and/or oriented volume scattering [1] . This last case includes co-pol phase difference observed over se-ice which is interpreted as a differential propagation effect due to the presence of oriented brine inclusions in the ice layer. However, such argument cannot apply for the case of land ice since brine inclusions are not present. In this paper, we propose that the co-pol phase observed over glaciers and ice sheets can be explained by the anisotropic structure of metamorphic snow and firn which characterize the shallow subsurface. For this, the theoretical model proposed in [2] is here employed to simulate the propagation of polarized electromagnetic waves through an anisotropic layer of snow/firn. First, microstructure properties of metamorphic snow and firn are considered to derive a macroscopic characterization, in terms of effective dielectric tensor, of the layer. Successively, the resulting permittivity components are used to describe the two-way propagation of plane waves in the H and V polarization through the anisotropic layer. Finally, co-pol phase is derived as the phase difference between the obtained HH and VV wave.
SNOW AND FIRN ANISOTROPY
First studies about the anisotropic microstructure of polar firn were conducted in [3] and [4] , for samples extracted in Antarctica and Greenland, respectively. Both studies reported a general orientation of firn grains along the vertical direction for depth ranging from 0 to about 15m. The Degree of Anisotropy (DoA), measured as vertical-tohorizontal axis ratio of the grains, was found to be strictly related to the accumulation rate of the site and governed by temperature gradient metamorphism [3] , [4] . The DoA is generally lower for high accumulation areas or deeper firn (low temperature gradient) and higher for sites of low accumulation and shallow firn. In [3] values of DoA ranging from nearly 1 to about 1.4 were measured in firn samples from West Antarctica, while Lytle and Jeyek [5] reported DoA values up to 1.9 for samples extracted nearby the summit of the Greenland ice sheet. More recent studies based on X-ray microtomography confirmed the vertical orientation of grains in metamorphic snow [6] (DoA=1.12) and firn of West Antarctica [4] (DoA ranging from 1.7 at 2m depth to 1.1 at 14m).
THEORETICAL MODEL
In order to explain the co-pol phase measured by PolSAR sensors over glaciers and ice sheets, as well as snow covered areas, a physical model is here employed to relate co-pol phase values to the DA of snow and firn [2] . As suggested in [3] and [5] , measured values of DoA can be exploited to derive the effective permittivity tensor ε eff of such materials. For this, we use the model for a two-phase dielectric mixture described in [7] . In particular, metamorphic snow and firn are assumed as a homogeneous mixture of air (background medium) and vertically oriented ice grains which are modelled as equally shaped spheroidal prolates, with a vertical-to-horizontal axis ratio given by the DoA. By considering the Cartesian coordinate system of Fig.1 , with the z-axis parallel to the vertical axis of the prolate inclusions, the x-, y-and z-component of ε eff can be written as [7] :
where µ i is the inclusions volume fraction related to the snow/firn density, ε air and ε ice are the air and ice permittivity, respectively, whereas N x,y,z is the depolarization factor of a single prolate grain along the directions x, y, z and depends on the axial ratio (i.e. the DoA) of the grains [7] . Being interested in the propagation of the radar signal through snow and firn along the H and V polarization directions, the components of ε eff are projected onto the h-and v-axes of the radar reference system (see Fig.1 ) including the dependency on the incidence angle ϑ:
Being the SAR sensor far away from the targets, the condition of far field is assumed satisfied and the propagation of the H and V polarized waves can be described according to the plane waves theory, by using the refraction indices n H and n V (with n 2 =ε). In order to account for the propagation effects introduced on the signal scattered back to the sensor, the two-way propagation path through the anisotropic layer must be considered. Assuming a layer of effective permittivity components ε eff,H and ε eff,V and thickness l, the co-pol phase can be computed according to (3) , where λ 0 is the wavelength of the radar signal in Fig. 1 : Geometry of a single vertically oriented prolate in the Cartesian reference system (x,y,z) and link to the radar reference frame (h,v,k). k is the propagation vector of the incoming radar signal and ϑ is the incidence angle. a x,y,z , with a x = a y represent the dimensions of the particle along the x-, y-, z-axes, respectively. The DoA is given by the ratio as a z /a x . vacuum and the operator ´*´ represents the complex conjugation. It is worth to highlight that the described model is not restricted to the case of lossless media (i.e. real permittivities) and includes the case of lossy media (complex permittivities). Summarizing, the modelled co-pol phase depends on a list of characteristics of the material like structural DoA, thickness, inclusions volume fraction (or, alternatively, density ρ), background and inclusions permittivities, and on some sensor parameters (wavelength and incidence angle). [8] , and the Eton site which covers the upper part of the Etonbreen glacier, located south-west of Summit, and is classified as region of transition from the firn area (at higher altitudes) to the superimposed ice (SI) zone (lower altitudes) [8] . At Summit, ground measurements (GPR and vertical density profiles) performed during the SAR acquisitions of 2007 of revealed the presence a thick (6-10m) layer of firn beneath the winter snow cover, which gradually gets denser with depth until it reaches the density of glacier ice. At Eton, density profiles and GPR measurements indicate a thin layer (1-2m thickness) of young firn which is not homogenously spread over the area. Where present, it is placed beneath the winter snow cover, on top of layers of superimposed ice.
RESULTS
Co-pol phase maps have been extracted from the polarimetric SAR data acquired over both test sites in april 2005 and 2007. Fig.2 shows the geocoded co-pol phase images of 2007 for Summit and Eton. At Summit, only positive values were measured in both years, with a clear increasing trend along the range direction due to the incidence angle variation. At Eton, two main regions could be distinguished: an area of positive values (generally lower than at Summit) and a region with slightly negative values, mainly in the southern part of the scene. Also, a decreasing trend is observed along the azimuth, from NE (higher altitudes, closer to the summit) to SW (lower altitudes, toward the outlet of the glacier). The model described in section 3 has been applied to the co-pol phase maps obtained from the two SAR campaigns in order to assess the model capability to interpret the measured co-pol phase values with the presence of a layer of anisotropic firn and/or metamorphic snow. Several model parameters have been predefined according to ground measurements and literature (see Table 1 ) and an estimate of the layer thickness has been retrieved on a pixel-basis by fitting the modelled co-pol phase to the measured values. For simplicity, the modelled anisotropic layer has been assumed to have a constant density and DoA. Furthermore, possible scattering from the firn grains is neglected since they have size of few mm, thus much smaller than the radar wavelength at L-band. By assuming vertical anisotropy (DoA>1), only positive co-pol phase values could be modelled. Negative co-pol phase have not been considered, since they could only be explained by means of horizontal DoA, which is not reported for metamorphic snow and firn. Estimates of firn thickness derived for 2007 are shown in Fig. 3 for both sites. At Summit, the results show a rather homogeneous layer (4-7 m thick) over the SAR scene, with slightly decreasing trend from NE to SW, in agreement with ground measurements [8] . Nevertheless, some trend is also visible along range, likely due to a residual effect of the incidence angle. At Eton, the estimated firn thickness is more heterogeneous, with higher values (3 to 5m) at higher altitudes (NE) and a very dark area in the southern part of the scene where firn is absent. Also in this case, the results Thus, also the decreasing trend from NE to SW could be easily explained. It is important to note that the estimated values do not necessarily refer to the real thickness of the anisotropic layer. Over Summit, the abundant melt features, such as ice lenses and glands in the thick firn layer, are identified as main source of backscattering [2] , [8] and severely limit the penetration of the SAR signal. Therefore, the estimated firn thickness must be referred to the portion of firn layer traversed by the signal. At Eton, most of the scattering is attributed to small air bubbles embedded in the SI layers located beneath the thin firn layer (where present). Thus, the phase center of the backscattering is located below the anisotropic layer which, in turn, is completely traversed by the radar signal. If no additional co-pol phase contributions are assumed (e.g. from the SI layers), the estimated thickness can be interpreted as the effective thickness of the firn layer overlying the SI. 
CONCLUSIONS
In this paper, co-polarization phase difference observed in L-band SAR backscattering from two sites on the Austfonna ice cap have been interpreted as the effect of metamorphic snow and firn anisotropy by means of a physical model. Nevertheless, the simplified modeled scenario does not consider possible additional phase contributions from fresh fallen snow and deeper ice layer, which might also explain the negative co-pol phase observed in the superimposed ice zone. Interpretation of co-pol phase temporal variation over a 2-year period has also been attempted, finding a general agreement with the literature assessing the dynamics of Austfonna in the last years.
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